Oxidative stress is related to the synthesis of matrix metalloproteinases (MMPs), which cause skin aging. The protective effects of mangiferin derived from Anemarrhena asphodeloides were investigated against hydrogen peroxide (H 2 O 2 )-induced damage using human skin keratinocyte (HaCaT) cells. Mangiferin was found to scavenge intracellular reactive oxygen species (ROS), superoxide radicals, and hydroxyl radicals. ROS regulate MMPs gene expression and activation of proenzymes. Mangiferin inhibited H 2 O 2 -induced MMP-1 gene expression and protein levels as well as its activity. Moreover, it abrogated mitogen-activated protein kinase kinase (MEK)-extracellular signal-regulated kinase (ERK) pathway and stress-activated protein kinase/extracellular signal-regulated kinase (SEK)-c-JUN N-terminal kinase (JNK) pathway, which are induced by H 2 O 2 treatment. And, it inhibited DNA binding activity of activator protein-1 (AP-1), a transcription factor of MMP-1 and downstream of ERK and JNK. Finally, it protected the human skin keratinocytes from H 2 O 2 -induced cell death. Taken together, these results indicate that mangiferin attenuated H 2 O 2 -induced MMP-1 activation via inhibition of ERK and JNK pathway and AP-1.
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It has become increasingly clear that oxidative stress plays an important role in skin aging which involves collagen degradation. Alterations in collagen, a major structural component of the skin, are considered a cause of skin aging. 1, 2) But, the underlying mechanisms of collagen degradation in skin aging have not been clearly defined. MMPs are a family of structurally related matrix-degrading enzymes that includes MMP-1 (interstitial collagenase), MMP-2 (72-kD type IV collagenase, gelatinase A), MMP-8 (neutrophil collagenase), and MMP-13 (collagenase 3). 3, 4) Of these, MMP-1 is an important MMP involved in collagen degradation due to oxidative stress 5) which is mediated by extracellular signal-regulated kinase (ERK) and JUN-N-terminal kinase (JNK) activation. 6) MMP-1 expression is mediated by activator protein-1 (AP-1), and the mitogenactivated protein kinase (MAPK) family of proteins including p38, JNK, and ERK are known to mediate AP-1 functioning through direct phosphorylationof AP-1 and by their influence on individual AP-1 constituents (JUN homodimer or JUN/FOS hetero-dimer) in a cell. 7, 8) Especially, ERK and JNK are known to be involved in MMP-1 expression through activation of the MMP-1 promoter by the transcription factor AP-1. [9] [10] [11] [12] The rhizomes of Anemarrhena asphodeloides Bunge (Liliaceae) are used in traditional medicine as antipyretic, anti-inflammatory, antidiabetic, anti-platelet aggregator and antidepressant in China, Japan, and Korea. 13) Among their chemical constituents, mangiferin, 1,3,6,7-tetrahydroxyxanthone-C2--D-glucopyranoside is known to be one of major chemical constituents but no report has yet been published on its cytoprotective activity in human keratinocytes against oxidative stress.
Hence, this study was designed to evaluate the ability of mangiferin to reduce MMP-1 activity through suppression of ERK and JNK pathways induced by oxidative stress.
Materials and Methods
Reagents. Mangiferin (Fig. 1A) was isolated from A. asphodeloides. 2 0 ,7 0 -Dichlorodihydrofluorescein diacetate (DCF-DA) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were purchased from Sigma * Sungwook Chae and Mei Jing Piao contributed equally to this study. Cell culture. HaCaT (human keratinocyte) cells were maintained at 37 C in an incubator under humidified atmosphere of 5% CO 2 , and were cultured in Dulbecco's Modified Eagle's Medium containing 10% heat-inactivated fetal calf serum, streptomycin (100 mg/mL) and penicillin (100 U/mL).
Plant material. Rhizomes of A. asphodeloides were obtained from the Oriental Drug Store (Omniherb, Yeongcheon, Korea). A voucher specimen (KIOM 010901) has been deposited at the herbarium of the of Herbal Quality Control Center, Korea Institute of Oriental Medicine (Daejeon, Korea).
Extraction and isolation. Rhizomes of A. asphodeloides (3 kg) were extracted with 70% ethanol 3 times under reflux for 3 h. 70% ethanol extract (1.1 kg) was suspended in distilled water and fractionated with n-hexane, ethylacetate, and n-butanol successively. n-Butanol fraction (9.1 g) was subjected to diaion HP-20 resin chromatography, eluting with a gradient solvent system of H 2 O:methanol (100:0 to 70:30), to afford five fractions (A1-A5). Fraction A4 was chromatographed over LiChroprep Ò RP-18 with H 2 O:methanol (100:0 to 50:50) to afford mangiferin and its chemical structure was determined by interpretation of spectral data and direct comparison with values that apper in the literature.
Intracellular reactive oxygen species (ROS) scavenging activity.
The DCF-DA method was used to determine levels of intracellular ROS. 14) Cells were seeded in a 96-well plate at 4 Â 10 4 cells/well. Sixteen h after plating, the cells were treated with mangiferin at various concentrations. After 30 min, 1 mM of H 2 O 2 was added to the plate and the cells were incubated for an additional 30 min at 37 C. After the addition of 25 mM of DCF-DA solution for 10 min, the fluorescence of 2 0 ,7 0 -dichlorofluorescein was detected using a Perkin Elmer LS-5B spectrofluorometer. The intracellular ROS scavenging activity (%) was calculated as follows [(optical density of
Detection of superoxide radicals. Superoxide radicals were produced by reaction of the xanthine/xanthine oxidase system and reacted with spin trap DMPO. The DMPO/ . OOH adducts were detected using an ESR spectrometer. ESR signaling was recorded 5 min after 20 mL of xanthine oxidase (0.25 U/mL) was mixed with 20 mL of xanthine (5 mM), 20 mL of DMPO (3 M), and 20 mL of mangiferin at 50 mg/mL.
15)
Detection of hydroxyl radicals. Hydroxyl radicals were generated by the Fenton reaction (H 2 O 2 þ FeSO 4 ), and then reacted with a nitrone spin trap, DMPO. The resulting DMPO/ . OH adducts was detected using an electron spin resonance (ESR) spectrometer. The A, Chemical structure of mangiferin. B, Intracellular ROS generation was detected by the DCF-DA method. The data represent three experiments and are expressed as mean AE standard error.
Ã Significantly different from control (p < 0:05). C, Superoxide radicals generated by xanthine and xanthine oxidase were reacted with DMPO, and the resulting DMPO/ . OOH adducts were detected by ESR spectrometry. D, Hydroxyl radicals generated by the Fenton reaction (H 2 O 2 þ FeSO 4 ) were reacted with DMPO, and the resultant DMPO/ . OH adducts were detected by ESR spectrometry.
ESR spectrum was recorded using a JES-FA ESR spectrometer (JEOL, Tokyo) 2.5 min after mixing phosphate buffer solution (pH 7.4) containing 20 mL of 0.3 M DMPO, 20 mL of 10 mM FeSO 4 , 20 mL of 10 mM H 2 O 2 , and 20 mL of mangiferin at 50 mg/mL. The parameters of the ESR spectrometer were set at a magnetic field of 336mT, power 1.00 mW, frequency 9.4380 GHz, modulation amplitude 0.2 mT, gain 200, a scan time of 0.5 min, a scan width of 10 mT, and a time constant of 0.03 s at temperature of 25 C. 16, 17) Reverse transcription polymerase chain reaction. Total RNA was isolated from cells using Trizol (GibcoBRL, Grand Island, NY). The polymerase chain reaction (PCR)
0 -GGA GGA AAT CTT GCT CAT-3 0 and 5 0 -CTC AGA AAG AGC AGC ATC-3 0 ; human GAPDH, 5 0 -AAG GTC GGA GTC AAC GGA TTT-3 0 and 5 0 -GCA GTG AGG GTC TCT CTC CT-3 0 . The amplified products were resolved by 1% agarose gel electrophoresis, stained with ethidium bromide, and photographed under ultraviolet light.
Western blot analysis. Cells were lysed in 100 mL of a lysis buffer (120 mM NaCl, 40 mM Tris pH 8, and 0.1% NP 40). Aliquots of the lysates (40 mg of protein) were boiled for 5 min and electrophoresed in a 10% SDS-polyacrylamide gel. The blots in the gels were transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA) and subsequently incubated with anti-primary antibodies. The membranes were further incubated with secondary anti-immunoglobulin-G-horseradish peroxidase conjugates (Pierce, Rockford, IL), followed by exposure to X-ray film. Protein bands were detected using an Enhanced Chemiluminescence Western Blotting Detection Kit (Amersham, Little Chalfont, Buckinghamshire, UK).
Determination of MMP-1 activity. Measurement of the secreted active MMP-1 was done using an F1M00 Human Active MMP-1 Fluorokine E Kit (R&D Systems, Minneapolis, MN) following the manufacturer's instructions.
Chromatin immunoprecipitation (ChIP).
ChIP assay was performed using a SimpleChIPÔ Enzymatic Chromatin IP Kit (Cell Signaling Technology, Danvers, MA) according to the manufacturer's protocol with slight modifications. Cells were cross-linked by the addition of 1% formaldehyde. Chromatin was prepared and digested with nuclease for 12 min at 37 C. c-JUN antibody and normal rabbit IgG were added to the chromatin digests, which were incubated with constant rotation overnight at 4 C. ChIP-grade protein G magnetic beads were added to capture the immune-precipitated complexes. The beads were washed and the immune-precipitates, were eluted with ChIP elution buffer. The cross-links were reversed by incubation of the eluent at 65 C for 30 min followed by the addition of proteinase K and incubation at 65 C for 2 h. The immune-precipitated DNA fragments were then purified on spin columns. DNA recovered from the immune-precipitated complex was subjected to 35 PCR cycles. The primers for the MMP-1 gene promoter were forward, 5 0 -CCT CTT GCT GCT CCA ATA TC-3 0 , and reverse, 5 0 -TCT GCT AGG AGT CAC CAT TTC-3 0 . PCR products were separated on 2% agarose gels, and DNA bands were visualized using the Image program (NIH, Bethesda, MD). 18) Cell viability. The cells were treated with mangiferin. One h later, 1 mM H 2 O 2 was added to the plate, and the plate was incubated at 37 C for an additional 24 h. Fifty mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) stock solution (2 mg/mL) was then added to each well to attain a total reaction volume of 200 mL. After incubation for 4 h, the plate was centrifuged at 800 g for 5 min, and the supernatants were aspirated. The formazan crystals formed in each well were dissolved in 150 mL of dimethylsulfoxide, and were read at A 540 on a scanning multi-well spectrophotometer. 19) Statistical analysis. All measurements were performed in triplicate and all values were represented as means AE standard error. The results were subjected to analysis of variance (ANOVA) using the Tukey test to analyze differences. p < 0:05 was considered significant.
Results

Radical scavenging activity of mangiferin
The antioxidant activities of mangiferin from A. asphodeloides were evaluated by intracellular ROS, superoxide radicals, and hydroxyl radicals scavenging activities. The intracellular ROS scavenging activity of mangiferin was 6% at 0.1 mg/mL, 28% at 1 mg/mL, 64% at 10 mg/mL, and 76% at 50 mg/mL (Fig. 1B) , and N-acetylcystein used as positive control showed 90% ROS inhibition (data not shown). We chose 50 mg/mL as the optimal dose of mangiferin for further experiments. The radical scavenging effects of mangiferin on superoxide radicals and hydroxyl radicals in a cell-free system were determined by ESR spectrometry. The ESR results revealed that no specific signal of superoxide radicals was clearly detected in control or 50 mg/mL of mangiferin, but the signal of superoxide radicals increased up to signal value of 1213 in the xanthine/xanthine oxidase system. Mangiferin was found to decrease the signal of the superoxide radicals to signal value of 728 (Fig. 1C) . Similarly, it reduced generation of hydroxyl radicals in Fenton reaction (FeSO 4 þ H 2 O 2 ) to signal value of 1488 from signal value of 3468 (Fig. 1D) . ESR spectrometer data showed that mangiferin scavenged superoxide and hydroxyl radicals. Effect of mangiferin on H 2 O 2 -induced MMP-1 expression and activity H 2 O 2 treatment was found to increase MMP-1 mRNA levels markedly, as evidenced by RT-PCR analysis, whereas mangiferin blocked the expression of MMP-1 mRNA ( Fig. 2A) . Consistently with RT-PCR results, Western blotting revealed that mangiferin inhibited the expression of MMP-1 protein induced by H 2 O 2 treatment (Fig. 2B) . Moreover, the decreased MMP-1 expression produced by mangiferin correlated with suppression of MMP-1 activity (Fig. 2C) .
Mangiferin inhibited H 2 O 2 -induced activation of AP-1, phosphorylation of MEK-ERK and SEK-JNK AP-1 transcriptional factor is composed of JUN homodimer or JUN/FOS heterodimer, and is involved in the activation of MMP genes.
20) The effect of mangiferin was examined on the DNA binding activity of AP-1 in MMP-1 promoter. The ChIP data indicated that incubation of cells with H 2 O 2 increased the DNA binding activity of AP-1, whereas mangiferin inhibited, AP-1 activity (Fig. 3A) . The activation of transcriptional factor AP-1 is regulated by the ERK and JNK protein. 7, 8) ERK and JNK work in concert to enhance the expression and phosphorylation state of c-FOS and c-JUN. 21 ) When c-FOS heterodimerizes with c-JUN or phospho c-JUN, the stability of the AP-1 complex increases and this amplifies the capacity of c-JUN to transactivate target genes. 22, 23) As shown in Fig. 3B The protective effect of mangiferin on cell survival in H 2 O 2 -treated HaCaT cells was measured. Cells were treated with mangiferin at 50 mg/mL for 1 h prior to the addition to H 2 O 2 . Cell survival was determined 24 h later by MTT assay. As shown in Fig. 4 , treatment with mangiferin restored cell viability as compared to H 2 O 2 treatment.
Based on these results, mangiferin attenuated H 2 O 2 -induced MMP-1 activity via suppression of transcriptional activity of AP-1 in human keratinocytes. Furthermore, mangiferin affected the MEK1-ERK and 
Discussion
Collagen degradation is related to the induction of MMPs, which are produced by epidermal keratinocytes and dermal fibroblasts. MMPs-induced collagen damage is a major contributor to the phenotype of aged human skin. 24) Since MMPs inhibition appears to be a useful method in prevention of collagen damage, 25, 26) the inhibitory effect of MMP-1 production on human keratinocyte HaCaT cells by mangiferin from A. asphodeloides was investigated. Mangiferin significantly inhibited free-radical production in cell and cell-free systems. Moreover, the mRNA, protein, and activity of MMP-1 induced by H 2 O 2 were inhibited by mangiferin. Since the AP-1 transcription factor is important in the modulation of MMP-1, AP-1 activity was measured by ChIP assay. The increased DNA binding activity of AP-1 in MMP-1 promoter induced by H 2 O 2 was inhibited by mangiferin. Mangeferin inhibited the MEK1-ERK1/2 and SEK1-JNK1/2 pathways activated by H 2 O 2 in HaCaT cells, resulting in suppression of AP-1 transcriptional factor. In summary, mangiferin from A. asphodeloides attenuated MMP-1 production through inhibition of SEK-JNK and MEK-ERK pathways.
